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This paper reports the colorimetric and resonance scattering (RS)-based biosensor for the ultrasensitive
detection of As(1i1) in aqueous solution via aggregating gold nanoparticles (AuNPs) by the special
interactions between arsenic-binding aptamer, target and cationic surfactant. Aptamers and the
cationic surfactant could assemble to form a supramolecule, which prevented AuNPs from aggregating
due to the exhaustion of cationic surfactant. The introduction of As(i) specifically interacted with the
arsenic-binding aptamer to form the aptamer—As(11) complex, so that the following cationic surfactant
could aggregate AuNPs and cause the remarkable change in color and RS intensity. The results of
circular dichroism (CD) and scanning probe microscope (SPM) testified to the formation of the
supramolecule and aptamer—As(111) complex, and the observation of transmission electron microscope
(TEM) further confirmed that the aggregation of AuNPs could be controlled by the interactions among
the aptamer, As(11) and cationic surfactant. The variations of absorbance and RS intensity were
exponentially related to the concentration of As(ii) in the range from 1 to 1500 ppb, with the detection
limit of 40 ppb for the naked eye, 0.6 ppb for colorimetric assay and 0.77 ppb for RS assay.
Additionally, the speed of the present biosensor was rapid, and it also exhibited high selectivity over

Published on 13 July 2012. Downloaded by University of Warwick on 12/07/2016 11:15:37.

other metal ions with an excellent recovery for detection in real water samples, suggesting that the
proposed biosensor will play an important role in environmental detection.

1. Introduction

Arsenic is a naturally occurring element with wide distribution in
both organic and inorganic forms. Exposure to arsenic can cause
a number of diseases such as skin damage or problems with
circulatory systems, and a high risk of getting cancer.! Inorganic
arsenic is considered to be the most toxic form of the element,
and it is found in groundwater and surface water as well as in
many foods.” Recent studies have shown that arsenic poisoning
may be worse than previously thought, with as many as 77
million people possibly exposed to arsenic-contaminated water in
Bangladesh alone.® Although arsenic exists in many different
chemical forms in nature, they are found almost exclusively as
arsenite (As(11) as H3AsO3) and arsenate (As(v) as H3AsOy) in
water.* It is more significant and attractive to detect As(ir) than
As(v) in water due to the higher toxicity and stability of As(im).
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The World Health Organization’s arsenic guideline value for
drinking water is 10 ppb. Recent reviews have summarized some
detection methods for such levels of arsenic.>® The most popular
methods for arsenic detection require sophisticated equipment
and a long analysis time, so they are neither readily available in
developing countries nor capable of on-site field detection. To
address these problems, some novel chemosensors and biosen-
sors have been developed.”® For example, Ray and co-workers
developed a highly sensitive sensor for arsenic detection with a
detection limit of 3 ppt using a dynamic light scattering assay.®
Others used genetically modified Escherichia coli cells and pre-
sented a pH-based biosensor for the detection of arsenic in
drinking water.'® However, these methods usually needed some
reactions or modification, thus some of them may be susceptible
to the surrounding conditions. Therefore, it is highly necessary to
develop simple and stable methods to detect trace arsenic in the
environment.

Functional nucleic acids, including oligonucleotide ligands,
aptamers and riboswitches, have been widely used as the target
recognition elements in sensing applications due to their
competitive advantages over other biological tools such as anti-
bodies, enzymes, peptides, carbohydrates ezc.!™'? Aptamers are
the in vitro-selected artificial single-strand RNA or DNA oligo-
nucleotides with unique conformations that can distinctly bind to
a broad range of targets.> Combined with some signal trans-
ductions (e.g. colorimetric, fluorescent and -electrochemical
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signals), various aptamer-based biosensors have been developed
to detect a large number of analytes such as metal ions, organic
dyes, amino acids, nucleotides, proteins, or even cells and
bacteria.'*'® In particular, aptamers have been regarded as
promising tools in environmental monitoring due to the real-time
and on-site detection of heavy metals including lead, mercury,
silver and uranium.'”*® Recently, Kim and co-workers have
in vitro selected the arsenic-binding DNA aptamer (named Ars-3
aptamer)® using an affinity column based on the systematic
evolution of ligands by exponential enrichment (SELEX)
process. Such a single-strand DNA aptamer contains 100
nucleotides and possesses the highest affinity to As(in) with a
dissociation constant (Ky) of 7.05 nM. Owing to the long chain of
the Ars-3 aptamer, it is hard to modify them with fluorescent
agents or other reported molecules for signal transduction. Up to
now, reports involving aptamer-based biosensors for arsenic
detection have been rare. Therefore, it is attractive and a chal-
lenge to develop new signal transduction for long-chain aptamers
in the design of biosensors.

Gold nanoparticles (AuNPs) are the ideal materials for signal
transduction with some superior characteristics, and they have
attracted particular interest in the design of biosensors.>2* The
popular signals of AuNPs are colorimetric and resonance scat-
tering (RS) assays based on their transformation from disperse to
aggregated.?63® The aggregation of AuNPs will increase the size
of particles in solutions, which causes the remarkable change in
absorbance and RS intensity. Base on this principle, some simple
and rapid sensors have been developed to detect a variety of
targets.?!*? To aggregate AuNPs, the relevant nanoparticles are
usually modified with functional DNAs, and they will aggregate
via the hybridization induced by the special interactions between
the functional DNAs and targets. Another common approach
utilizes unmodified nanoparticles that are aggregated by the high
concentration of salts (e.g. sodium). These two approaches,
however, may suffer from being time-consuming and having
relatively poor detection limits.?* Recently, some reports
demonstrated that water-soluble cationic polymers could control
the assembly of AuNPs.3* These evidences have enabled us to
develop a novel, efficient aptamer biosensor for the colorimetric
analysis of As(11) with a detection limit of 5.3 ppb.3*

In this paper, a more sensitive and selective aptamer biosensor
was presented to detect As(i1) in aqueous solution. Hexadecyl-
trimethylammonium bromide (CTAB), a cationic surfactant,
was considered as an efficient material to aggregate the AuNPs.
Recent researches have demonstrated that CTAB can be used to
prepare AuNPs with controllable sizes and shapes.’**® CTAB
displays two useful features in the present biosensor: one of the
useful properties of CTAB lies in its positive charge, which can be
employed to aggregate AuNPs, and another is that it can
assemble DNAs to form some supramolecule with certain
nanostructures.®*=*! For example, some studies have shown that
long-chain, single-stranded DNA formed cubic nanostructures
with CTAB, whereas long-chain, double-stranded DNA formed
hexagonal nanostructures.*> These useful properties endow
CTAB with special functions in the present biosensor: it not only
aggregates the AuNPs, but also controls their aggregation via its
competitive binding to aptamers. Scheme 1 shows the concept
and process of the biosensor for arsenic detection. In the absence
of As(ir), the Ars-3 aptamers are free and can assemble with

CTAB to form some supramolecule, and thus the subsequent
AuNPs cannot aggregate due to the lack of CTAB. On adding
As(1r), the Ars-3 aptamers are exhausted firstly due to the
formation of an aptamer—As(11) complex, so that the following
CTAB can aggregate AuNPs, which leads to the remarkable
signal change in absorbance and RS intensity. The signal varia-
tion of solution depends on the concentration of CTAB, which is
in turn conditioned directly by the content of As(ir). Therefore,
this strategy makes it possible to detect As(i) by colorimetric
and RS assays. It is expected that our method can be extended to
detect other metal ions, proteins and small molecules.

2. [Experimental
2.1. Chemicals and materials

The sequence of Ars-3 aptamer is referenced in the previous
literatures,?® and was synthesized by Sangon Biotechnology Co.,
Ltd. (Shanghai, China). Tts sequence is 5-GGTAATACG
ACTCACTATAGGGAGATACCAGCTTATTCAATTTTAC
AGAACAACCAACGTCGCTCCGGGTACTTCTTCATCGA
GATAGTAAGTGCAATCT-3'. Before use, the Ars-3 aptamer
was dissolved in 50 mM N-(2-hydroxyethyl) piperazine-N-2-
ethanesulfonic acid (HEPES) buffer solution of pH 7.2.
Hexadecyltrimethylammonium bromide (CTAB), trimethyl(te-
tradecyl)ammonium bromide (TTAB), hexadecylpyridinium
chloride monohydrate (HPCM) and tridodecylmethylammo-
nium chloride (TDAC) were obtained from Sigma-Aldrich
(Milwaukee, WI, USA). HAuCl, and 3-(N-morpholino) pro-
panesulfonic acid (MOPS) were obtained from Sangon
Biotechnology Inc. (Shanghai, China). The 96-well microplate
was purchased from Thermo Fisher Scientific Inc. (Nunclon,
Denmark). Unless otherwise mentioned, all other reagents were
of analytical grade and used without further purification or
treatment. Ultrapure water (Milli-Q plus, Millipore Inc., Bed-
ford, MA) was used throughout.

2.2. Instrumentation

A model F-4500 fluorescence spectrophotometer (Hitachi,
Japan) was used to record the RS intensity, with the excitation
slit of 5 nm and an emission slit of 2.5 nm, and a PMT voltage of
700 V. Colorimetric assays were recorded on a Microplate
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—
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Scheme 1 Illustration of the biosensor for As(ii) detection based on the
surfactant-induced aggregation of AuNPs.
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Fig. 1 CD spectra of Ars-3 aptamer solutions treated with CTAB and

As(ir). Experimental conditions: 500 nM Ars-3 aptamer, 50 uM CTAB
and 2000 ppb As(im).
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Fig. 2 Scanning probe microscope (SPM) observation of the solutions
containing: (a) 500 nM Ars-3 aptamer; (b) 500 nM Ars-3 aptamer + 1000
ppb As(im); (c) 500 nM Ars-3 aptamer + 50 uM CTAB; and (d) 500 nM
Ars-3 aptamer + 50 uM CTAB + 1000 ppb As(1).

Spectro-photometer M200 Pro (Tecan Group Ltd, Switzerland).
Circular dichroism (CD) spectra were collected with the J-815
Circular Dichroism Spectropolarimeter (Jasco, Japan) in
HEPES buffer (50 mM, pH 7.2) to characterize the structure
change of aptamers at room temperature. The optical chamber
(0.5 mL volume) was utilized. The scanning speed was 100 nm
min~!. The CD spectra were collected in the range of 200-400
nm. A Multimode Nanoscope IIla scanning probe microscope
(SPM) (Digital Instrument Inc., NY, USA) was used to observe
the images of the nanoparticles, and the procedure for samples
pre-treatment is referenced in our previous report.** An
analytical transmission electron microscope (TEM) JEM-
2010HT (Hitachi, Japan) was used to observe the images of
AuNPs. The average size of the nanoparticles was determined
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Fig. 3 Effect of CTAB concentrations on the aggregation of AulNPs.
Inset: visual colour changes of AuNPs solutions treated with increasing
concentrations of CTAB.

by photon correlation spectroscopy (PCS) (Malvern Instru-
ments, UK).

2.3. Preparation of AuNPs

AuNPs with different sizes were synthesized by controlling the
ratio of sodium citrate and HAuCl, following some recent
reports.**¢ All glassware used in this procedure was cleaned in a
bath of freshly prepared 3: 1(v/v) HNO3;-HCI, then rinsed
thoroughly in ultrapure water and dried in air. AuNPs were
prepared by adding 0.5-6.0 mL of 1% (w/v) trisodium citrate to a
boiling solution of HAuCl, (100 mL, 0.01% (w/w)) and stirred
for 30 min, where, within the time, the color of the solution
changed from light grey, blue, purple, to wine red. The mixture
continued to stir for 10 min after removal from the heater.
Finally, the cooled solution was filtered using a 0.2 um ultrafil-
tration membrane to remove aggregated particles, and then
stored in dark glass bottles at 4 °C for further use.

2.4. Procedure for As(in) determination

An appropriate volume of 500 nM Ars-3 aptamer solution and 5
puL NaAsO, solution [As(i)] with varying concentrations were
mixed thoroughly in a 2 mL plastic tube, and then diluted to 390
pL with MOPS buffer (pH 7.0) and incubated at 25 °C for 30
min. To the blank sample was added 5 uL of ultrapure water
instead of As(1r) solution. Subsequently, 10 pL. CTAB was added
into the above mixed solutions and incubated at 25 °C for
another 30 min. Finally, 100 nL. AuNPs stock solution was added
to give a final volume of 500 pL. After incubation at 25 °C for 5
min, 200 pL of the above samples were moved into a 96-well
microplate for colorimetric assay. The absorption spectra (the
wavelength range from 400 to 800 nm) and absorbance values at
520 nm (A4s50) and 650 nm (A4459) were measured by Microplate
Spectro-photometer M200 Pro. The ratio of Ags0/A4s50 in sample
solutions (A4) and the blank solution without arsenic (4,) were
recorded to indicate the aggregation of AuNPs. The value of
AA = A — A, was calculated to evaluate As(m) detection
throughout. For the RS assay, the intensity was recorded by
means of synchronous scanning of the excitation wavelength 2.,
and emission wavelength A.p, (Aex — Aem = A4 = 0) on the fluo-
rescence spectrophotometer. The RS intensity at 550 nm in
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Table 1 The efficiency of AuNPs aggregation using different cationic surfactants and salt

Cationic surfactants AuNPs change to purple”

AuNPs change to blue Reaction time/min

CTAB 1.1 uyM
HPCM 0.6 uM
TDAC 1.0 uM
TTAB 2.4 uM
Others (NaCl) 50 mM

“ The quantity of AuNPs for aggregation was about 30 nmol.

1.6 uM <5
1.0 uM <5
1.6 uM 5-10
32 .M 5-10
70 mM >10

sample solutions (/) and the blank solution without arsenic (/o)
were recorded. The value of AT = [I — Iy)/I, was calculated. To
test the selectivity of the biosensor, other metal salts including
Na,HAsO4 [As(V)], Pb(NO3),, Hg(NO3),, Cd(NO3),, AgNO;,
CaCl,, ZnCl,, MgSO4, MnSO,, NiSO,4, CuSO,4 and FeSO, were
used.

3. Results and discussion
3.1. Interactions among aptamer, CTAB and arsenic(ii)

According to the principle of the present biosensor, the Ars-3
aptamer would interact with the target (e.g. As(i)) and CTAB to
form the aptamer—As(i1) complex and supramolecule, respec-
tively. To confirm the interactions among aptamer, CTAB and
As(m1), CD measurements were utilized to monitor the confir-
mation change of the aptamer in the solutions. Fig. 1 shows the
CD spectra of aptamer solutions treated with CTAB and As(r).
The Ars-3 aptamer (generally B-DNA) has a negative peak at
240-260 nm and a positive peak at 270-290 nm, which is in
accordance with previous reports.®s After the addition of As(in),
the value of negative and positive peaks were decreased, but the
location of the peaks did not change. This result indicated that
As(1r) could bind to the Ars-3 aptamer, which interfered with
bases from the transition of strong 7 — 7* with ribodesose, thus

SR

Table 2 Average size of AuNPs in sensing solutions treated with
different concentrations of As(im)*

Order  Sample Average size/nm  RSD (%)
1 AuNPs 18.23 0.46
2 AuNPs + CTAB 473.6 1.65
3 AuNPs + aptamer + CTAB 21.34 1.26
4 Sample 3 + 1 ppb As(in) 23.79 0.97
5 Sample 3 + 10 ppb As(1) 32.44 2.23
6 Sample 3 + 50 ppb As(1) 56.74 1.54
7 Sample 3 + 100 ppb As(i) 83.46 1.77
8 Sample 3 + 200 ppb As(1) 98.30 0.18
9 Sample 3 + 500 ppb As(in) 152.4 0.19
10 Sample 3 + 1000 ppb As(1ir) 222.7 0.76

“ Experimental conditions: 10 nM Ars-3 aptamer and 1.1 uM CTAB.

resulting in the decrease of the CD peak. In the presence of CTAB,
the peak area of the CD spectrum did not change, but an obvious
bathochromic shift (~5 nm) in the positive peak was observed.
The bathochromic shift indicated that an electron transfer
occurred from CTAB to the lowest unoccupied molecular orbital
of the bases in the aptamer. Such a characteristic feature was
evidence for the interaction of CTAB with the DNA bases.

To further confirm the formation of the aptamer—As(i)
complex and supramolecule, the Ars-3 aptamer solutions treated

Fig. 4 Transmission electron microscope (TEM) images of the AuNPs solutions treated with different substances: (a) blank AuNPs; (b) AuNPs +
1.1 uM CTAB; (c) AuNPs + 10 nM Ars-3 aptamer + 1.1 pM CTAB; (d) sample ¢ + 100 ppb As(1i1); (e) sample ¢ + 500 ppb As(1n); (f) sample ¢ + 1000 ppb

As(1m).
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Fig. 5 Sensitivity of the biosensor for As(i) detection using CTAB to
aggregate AulNPs: (a) visual colour changes of the sensing solutions
treated with 0, 1, 5, 10, 20, 40, 50, 60, 80, 100, 200, 400, 600, 800, 1000 and
1500 ppb As(in); calibration curves of the biosensor based on colori-
metric (b) and RS (c) assays. The curves were fitted to a Hill plot with a
correlation coefficient of 0.997 (b) and 0.998 (c). Inset: the values of A4
and A7 at low As(11) concentrations, which were fitted to a linear plot
with a correlation coefficient of 0.989 (b) and 0.994 (c).

Table 3 Sensitivity of the biosensor for the colorimetric detection of
As(1m) under different size of AuNPs and cationic surfactants

Cationic surfactants ~AuNPs size¢Znm LOD/ppb  Linear range/ppb

CTAB 18 0.6 1-100
CTAB 30 4.1 1-200
CTAB 50 5.5 10-60
CTAB 80 14.1 1-200
HPCM 18 1.2 5-200
TDAC 18 2.6 10-200
TTAB 18 2.3 5-100
Others (NaCl) 18 7.1 10-400

with CTAB and As(11) were characterized by SPM (Fig. 2). The
shape of the Ars-3 aptamer was a linear chain and it was
distributed evenly in the solutions. On adding As(i) into the
aptamer solution, the shape of the DNAs had changed to some

extent. Some aptamers interacted with As(ir) to form irregular
nanoparticles, which was evidence for the formation of the
aptamer—As(111) complex. In the presence of CTAB, however, the
shape of the aptamer changed greatly. Some reticular macro-
molecules with a branched shape could be observed in the solu-
tion, which demonstrated the formation of the supramolecule by
the aptamer and CTAB. The forces for maintaining such a
supramolecule might be ascribed to the electrostatic force
between the positive hydrophilic head of CTAB and the negative
phosphate backbone of DNAs. In addition, the effect of As(i)
on the supramolecule was also investigated. As shown in Fig. 2d,
the shape of the supramolecule became dense and its diameter
had increased. This evidence showed that As(mr) can strengthen
the interaction between the aptamer and CTAB.

3.2. Aggregation AuNPs by aptamer, CTAB and arsenic(1ir)

Electrosteric stabilization is the major factor for AuNPs to
remain dispersed in aqueous solution. Generally, the positively
charged material, such as cationic polymer and high concen-
tration of sodium, can disturb the charge balance of the AuNPs
and cause them aggregate. Herein, CTAB was employed to
aggregate AuNPs. The aggregation principle for CTAB may be
similar to that of cationic polymers. To investigate the effi-
ciency of aggregation, varying concentrations of CTAB from
0.4 to 2.0 uM were added into AuNPs solutions, and the RS
intensity and Agso/Asyo were recorded. As shown in Fig. 3, the
color of the AuNPs solutions changed gradually from wine red,
purple, to blue. The values of RS intensity and Agso/As20
increased until the concentration of CTAB reached 1.6 uM. At
this point, all AuNPs aggregated thoroughly. With further
increase in the CTAB concentration, the values decreased
significantly. The reason for this phenomenon was that the
AuNPs aggregated thoroughly to form large particles at a high
concentration of CTAB, and most of them would precipitate in
solutions.

Different cationic surfactants and salt were also considered to
aggregate AuNPs. As shown in Table 1, all of selected cationic
surfactants could aggregate AuNPs, but their efficiencies were
clearly different. These variations may be attributed to the
different chemical structures of the cationic surfactants; in
particular, the length of the alkyl chains may affect the interac-
tion between the AuNPs and cationic surfactants. CTAB and
HPCM contain 16 carbons in their alkyl chains, and they dis-
played the highest efficiency in the aggregation of AuNPs. The
difference between them lies in their positively charged groups,
where the one in the pyridinium group of HPCM seemed to have
a higher efficiency than that of CTAB. When the alkyl chain
decreased to 14 carbons (TTAB in Table 1), the efficiency of the
AuNPs aggregation also declined obviously. Interestingly, the
multiple alkyl chain would be beneficial to aggregate AuNPs.
For example, TDAC has three alkyl chains with 12 carbons and
also exhibited a relatively high efficiency. In the case of salt,
however, the efficiency of AuNPs aggregation was far less than
that of the cationic surfactants, based on the evaluation of the
minimum concentrations and reaction times for AuNPs aggre-
gation. Therefore, CTAB and HPCM can be used as efficient
materials to aggregate AuNPs, and CTAB will be the preferred
cationic surfactant because of its low price and safety.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Selectivity of the biosensor for As(iir) detection using CTAB to aggregate AuNPs. The concentrations of metal ions were 100 ppb (a) and 1000
ppb (b). Inset: visual colour changes of the sensing solutions treated with various metal ions.

To confirm the supposed principle of the present biosensor,
TEM was employed to characterize the aggregation of AuNPs.
Fig. 4 displays the images of AuNPs solutions treated with
different substances, and the results testified that the aggregation
of AuNPs was controlled by the interactions between the
aptamer, CTAB and As(i). Free AuNPs dispersed evenly with
an average particle diameter of 15 nm (a). The introduction of
CTAB could cause the complete aggregation of AuNPs (b).
When CTAB was added to the Ars-3 aptamer solution, most of
the CTAB would be exhausted due to the formation of supra-
molecules with DNAs. In this case, the following AuNPs would
aggregate slightly (c). Subsequently, increasing concentrations of
As(um) were added into the above sensing solutions, and the
results show that AuNPs are gradually aggregated (d—f).

Moreover, the average size of the AuNPs was determined by
PCS (Table 2), and the results demonstrated that the average size
of the AuNPs increased gradually in the presence of increasing
concentrations of As(ir), which is in accordance with that of
TEM observation. These results further supported the supposed
principle of the present biosensor for As(i) detection.

Table 4 Determination of As(1r) in water samples

3.3. Effect of CTAB on arsenic(mr) detection

Based on the above results, the concentration of 1.6 uM was
sufficient for CTAB to aggregate the AuNPs. Considering the
presence of aptamer and As(1r), this concentration may be not
suitable for the present biosensor. According to previous expe-
rience, 7.5 nM of Ars-3 aptamer was used to interact with 100
and 1000 ppb of As(un), then the varying concentrations of
CTAB from 0.8 to 1.6 uM were added into the above solutions.
After the addition of AuNPs, the RS intensity and Agso/Asp0 Were
recorded. As shown in Fig. S1 (ESIf}), about 1.1 pM of CTAB
was the optimal concentration for the present biosensor, where
the maximum signal was achieved both at lower and higher
concentrations of As(i).

3.4. Effect of aptamer on arsenic(ii1) detection

The aptamer would play two major roles in the present
biosensor: (a) it interacted with As(in) to form an aptamer—
As(11) complex; and (b) it assembled supramolecules by CTAB
to prevent AuNPs from aggregating. The signals of the present

Colorimetric assay RS assay
Water samples Mean found/ppb Recovery (%) RSD (%) Mean found/ppb Recovery (%) RSD (%)
As™(10),% AsY(5), Ag®(20), CA™(10), 12.4 124 6.5 9.8 98 2.0
Mn‘"(15), NO;~(40), SO4>(15)
As™(20), Pb™(20), Ni"™(10), Ca™(30), 22.5 113 7.1 21.4 107 23
NO;(40), SO4>~(10), C1~(60)
As™(50), Pb™(40), Cu™(60), Zn"(50), 473 94.6 5.3 58.5 117 45
Ca™(80), NO57(80), SO,>~(60), CI~(260)
As"(80), As™(60), Pb™(100), Ni"(80), 82.2 103 5.5 76.6 95.8 2.7
NO;(200), SO4>~(80)
As™(100), Mg™(100), Ni™(80), 97.7 97.7 6.4 102 102 3.3
Zn"(120), Fe™(60), SO4>~(240), C17(240)
As™(500), Cd™(600), Ca™(400), 523 105 6.1 473 94.6 4.7
Fe™(200), NO;~(1200), SO,>~(200),
CI17(800)
As™(1000), Pb™(800), Ni"(1000), 1060 106 8.2 975 97.5 5.4

NO;(1600), SO,>~(1000)

“ Final concentration (ppb) of ions was added.
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biosensor depended on the aggregation of the AuNPs, and thus
the concentration of the aptamer may be critical to the efficiency
of the biosensor for As(i) detection. To obtain the optimal
sensing conditions, the varying concentrations of Ars-3 aptamer
in the range of 1-50 nM were used. As can be observed in Fig. S2
(ESIY), the maximum signals were achieved at 10 and 15 nM of
Ars-3 aptamer under lower (100 ppb) and higher (1000 ppb)
concentrations of As(i), respectively. To maintain the high
sensitivity of the biosensor under lower concentrations of target,
about 10 nM of Ars-3 aptamer was used in subsequent
experiments.

3.5. Sensitivity of the biosensor for arsenic(iir) detection

To evaluate the sensitivity of the present biosensor, different
concentrations of As(i) from 1 to 1500 ppb were added into the
sensing solutions, and the signals of RS intensity and absorbance
values at 520 nm and 650 nm were recorded. As shown in
Fig. 5(a), AuNPs aggregated gradually with increasing concen-
trations of As(1i1), and the color of the sensing solutions changed
gradually from wine red, purple, blue, to grey. When the
concentration of As(1r) was over 40 ppb, the color of the sensing
solution could be distinguished by the naked eye from that of the
blank sample.

To quantify the detection limit of the present biosensor, the
variations of RS intensity (A]) and absorbance values (AA) at
520 nm and 650 nm were plotted, and the calibration curves
(Fig. 5b and ¢) looked like the sigmoid shapes, which were fitted
to a Hill plot with the correlation coefficient of 0.997 and 0.998.
It can be observed that the absorbance and RS intensity had
changed slightly when the concentrations of As(iir) were over 400
ppb in the sensing solutions, which indicated that the binding
interaction between the aptamer and As(in) had reached a
balance and saturation. Thus the saturated binding ratio of
As(11) to aptamer is calculated as about 550 : 1 (molar ratio) in
the present biosensor. The AA at low As(m) concentrations
was fitted to a linear expression with the equation of y = 3.54 x
1073x + 0.012 (R = 0.996), where AJ was fitted to the equation of
y = 0.022x + 0.013 (R = 0.994). Based on our previous
reports,*>** 3g/slope was used to determine the detection limit of
the biosensor, as low as 0.6 ppb for the colorimetric assay and
0.77 ppb for the RS assay, which are lower than the US EPA and
WHO defined toxicity levels of arsenic in drinking water (10
ppb). The present biosensor is more sensitive than our previous
report,®> where a cationic polymer was used to aggregate the
AuNPs. This difference in the sensitivity may be ascribed to the
fierce aggregation of AuNPs caused by cationic polymers, which
would result in a high background signal in the detection of
As(1).

AuNPs were used as an ideal material for signal output, so
their properties may affect the sensitivity of the present
biosensor. Herein, a variety of AuNPs with different sizes in the
range of 18-80 nm were employed to detect As(i), and the
results were summarized in Table 3. The data show that the assay
sensitivity is associated with the particle diameter. As the particle
diameter increases, the detection limit deteriorates gradually and
its value has increased by one order of magnitude when the
particle size is 80 nm. This phenomenon may be attributed to a
relatively higher background signal and lower aggregation

efficiency of large-diameter AuNPs. Moreover, suitable amounts
of some other cationic surfactants and salt were also used for
sensitivity studies. As shown in Table 3, the detection limits of
the cationic surfactants-mediated biosensor are lower than that
of the salt-induced biosensor. The results indicate that cationic
surfactants indeed possess potential application in the sensitive
detection of targets by the AuNPs-based sensors.

3.6. Selectivity of the biosensor for arsenic(iir) detection

The selectivity of the biosensor for As(in) detection was also
investigated. A variety of competing metal ions, including As(v),
Pb(ir), Cd(u), Hg(n), Ag(1), Mg(11), Zn(11), Mn(11), Ni(11), Cu(n),
Fe(i1) and Ca(1), were individually added to the sensing solu-
tions, and the variations of absorbance values (AA4) were calcu-
lated. Fig. 6 shows the difference in the color and A4 between
blank and solutions containing 100 and 1000 ppb of As(i) and
other metal ions. The results demonstrate that all of the metal
ions display slight and negligible interferences on the biosensor
for As(i) detection.

3.7. Velocity of the biosensor for arsenic(ii1) detection

The speed of signal output is an important parameter of a
biosensor for sensing the target. In some cases, a rapid assay is
needed to meet the demand of on-site and real-time arsenic
detection. To evaluate the velocity of the present biosensor, the
kinetics of absorbance variations in the presence of various
concentrations of As(ir) were investigated. As shown in Fig. S3
(ESIY), the signals attained their top values in less than 2 min
both at higher and lower target concentrations. These results
clearly indicate that the speed of the present biosensor for As(1)
detection is rapid.

3.8. Detection of arsenic(i) in water samples

The applications of the present biosensor based on colorimetric
and RS assays were evaluated for the determination of As(i) in
several water samples containing different concentrations of
As(m) and some other metal cations and anions. The results are
summarized in Table 4, which displays that the mean recovery of
samples was in the range of 94.6-124% and the relative standard
deviation (RSD) was between 2.0 and 8.2%. The results reveal
the potential application of the present biosensor for As(im)
detection in water samples.

4. Conclusions

In conclusion, we have successfully developed an aptamer
biosensor with high sensitivity and specificity for As(ir) detection
through colorimetric and RS assays. The principle of such a
biosensor is based on the aggregation of AuNPs that is
controlled by the special interactions among the arsenic-binding
aptamer, CTAB and As(u). In the presence of As(i), the
aptamer is exhausted firstly to the formation of an aptamer—
As(u) complex, so that the subsequent CTAB addition aggre-
gates the AuNPs, which leads to remarkable variations of
absorbance and RS intensity. The detection limit of our
approach is about 40 ppb for the naked eye and 0.6 ppb for
machine assays, with a high selectivity over other competitive

This journal is © The Royal Society of Chemistry 2012
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metal ions. In addition, the present biosensor is rapid and reliable
for As(mr) detection in water samples. The experimental results
reported here will offer the possibility of a rapid, reliable, highly
sensitive and selective monitoring method for As(ir) from envi-
ronmental samples.
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